ABSTRACT Fourteen patients undergoing single aortic or mitral valve replacement had measurements made of lung volumes, static pressure-volume (P-V) relationships, and conductancepressure relationships during deflation before operation and again between one and two years later. At follow-up, total lung capacity (TLC), functional residual capacity (FRC), residual volume (RV), and static tidal compliance (slope of static P-V deflation line for one litre above FRC) had increased significantly, in association with a decrease in heart size. There was a change in the shape and position of some P-V curves both in the aortic and mitral patients. In the patients with aortic disease P-V deflation curves shifted to the left after operation. In the patients with mitral disease the P-V deflation curves before operation crossed those measured after operation, so that at high lung volumes recoil became less after operation, but at low lung volumes recoil increased. Conductance had increased at high lung volumes. The data suggest that in longstanding pulmonary congestion, airways are more rigid making them less distensible at high and less compressible at low transpulmonary pressures than after operation when congestion has been at least partly relieved.
The effects of pulmonary congestion on the mechanical properties of the lungs are ideally studied serially in the same subjects. Acute pulmonary congestion has been studied in normal volunteers transfused rapidly,'13 and in patients recovering from acute myocardial infarction.4 Chronic pulmonary congestion has been studied before and after mitral valvulotomy.5-8 The mechanical disturbances in pulmonary congestion are complex, including effects on airways resistance as well as on compliance, so that interpretation of findings may be difficult. Furthermore in one study6 follow-up data have been recorded within a few weeks of surgery when the effects on the lungs of anaesthesia, cardiopulmonary bypass if used, and oxygen breathing may still have been present. This study was, therefore, started with several aims in mind: firstly to study the mechanical properties of the lungs of patients with aortic and mitral valve disease more comprehensively, using deflation conductance-pressure relationships as well as pressure-volume curves to analyse lung mechanics throughout the whole vital capacity; secondly to make follow-up studies after a long convalescent period after valve replacement sur- A 10 cm oesophageal balloon'0 was placed with its tip 10 cm from the oesophago-gastric junction. The balloon contained a gas volume of 0-5 ml, at which it exerted zero pressure. Pressure difference between oesophagus and mouth was measured using a Hewlett-Packard 267-BC differential pressure transducer.
Air flow at the mouth was measured by a Sanborn pneumotachograph (A-300; 651-267c), connected to a Hewlett-Packard 270 differential pressure transducer. The voltage response of the pneumotachograph was linear in the flow range 0-5 I/s. At each study the flow channel (Sanborn carrier preamp 350-1 OOB) was calibrated by passing a single known flow through the pneumotachograph head, and calibration was checked at the end of each study. Flow was integrated electronically to give volume (Sanborn integrator preamplifier 350-3700), and calibrated by passing a known volume through the pneumotachograph. It was checked that the accuracy of integration was not influenced 'by increasing flow rate up to 2 1/s.
Measurements of dynamic compliance and resistance were made according to the method of Frank et al," mean values for 10 representative breaths being taken. Measurements of the static volume-pressure properties of the lungs during deflation were made.'0 Static tidal compliance was taken as the slope of the static P-V deflation line for one litre above FRC. The relationship between pulmonary conductance (GL) and the static recoil pressure (Pst/l) was determined at each study.12 Gas flow was interrupted by obstructing the mouthpiece with a solenoid valve. One second interruptions were made at total lung capacity (TLC) and during deflation, on the third of three maximum breaths. Expiration was quiet and not 455 forced except below FRC. Pulmonary conductance was calculated during deflation by relating the flow at the moment of interruption to the change in transpulmonary pressure (PL). GL=V/APL. Conductance was plotted against transpulmonary pressure (PL) measured during the interruption, and the regression lines obtained were extrapolated to cross the X axis. Correlation between conductance and static transpulmonary pressure was statistically significant in all cases (in five, p<005, in the remainder p<O001). The calculation of conductance was difficult in these patients because of the combination of marked cardiac pressure oscillations and small pressure changes on interruption. Mean pressure tracings were drawn by eye through the cardiac oscillations. The range of transpulmonary pressures over which conductance was measured was from 11 5+2-4 cmH20 (mean +SD) to -0.96-443 cmH20 before operation and from 12.9-+-3-8 cmH20 to 0.93+4-2-3 cmH20 after operation. Points for conductance at negative transpulmonary pressures were included in eight patients before and in only two patients after operation.
Chest radiographs were covered so that the observer could not see whether a prosthetic valve was present, and examined in random order for heart size by one of us (MJM), and for the presence of pulmonary congestion by two independent observers not otherwise involved in this study-one a radiologist and the other a cardiologist. An approximation of heart volume was made using Jonsell's formula13: lXbXdX0 42 where 1 (cm) is long diameter of heart, and b (cm) is broad diameter of heart, on P-A film. In this study broad diameter is taken again to approximate the depth (d), as lateral films were not availatble at follow-up. The constant 0-42 was derived for radiographing with a film focus distance of 1-5 metres, and includes correction for magnification.
Significance of statistical results was determined from tables in Fisher and Yates,14 t test for paired samples being applied to the data.
Results
The results of standard spirometric and lung volume indices of pulmonary function are given in table 3. Mean data for the whole group show that vital capacity (VC) and forced expiratory volume in one second (FEV,) did not change but that RV, FRC, and TLC all increased after valve replacement. In the six aortic patients there was no significant change in FRC, but TLC and RV both 1, 2) that deflation tidal compliance did not increase just because of the changed volume at which it is measured (FRC). After operation the aortic patients (fig 1) showed a shift to the left and a decreased recoil at all lung volumes (except patient 6). In the mitral patients (fig 2) , there was no uniform pattern. In patients 7 and 8, there was decreased recoil at high lung volumes and increased recoil at low lung volumes after operation. Patients 10 and 11 also showed crossing of P-V curves though without change in lung volumes. Patient 9 showed a shift of P-V curve to the left, and patients 12, 13, and 14 showed decrease in compliance.
There was a tendency for the shape of the P-V deflation curve, as well as for the position, to 14 (fig 4) showed the reverse changes-her cardiac condition deteriorated after operation with heart size increased and pulmonary congestion score rising from 0 to 4. The V-P curve has shifted to the right, compliance has decreased, the slope of the conductance on transpulmonary pressure regression line has decreased, and the X intercept, when the regression line is extrapolated, has moved to the left. Discussion Figures 1 and 2 illustrate the similarities and differences of the lung volumes and elastic behaviour of the lungs between these aortic and mitral patients after valve replacement. In the aortic patients there is a fairly uniform response of increase in lung volumes, loss of elastic recoil, and in some, improvement in compliance. In the mitral patients a whole spectrum of response is shown, from improvement through little change to deterioration.
Patients were selected for this study simply on the basis that single aortic or mitral valve replacement was planned. In aortic valve disease symptoms such as breathlessness caused by left ventricular failure, angina, or syncope are relatively urgent indications for surgery. One would expect the lungs of patients with aortic disease to have been subject to a relatively short time of pulmonary congestion which may have been intermittent. In mitral disease pulmonary congestion occurs early and is unremitting, and the decision to proceed to valve replacement is difficult. Operation is usually undertaken to relieve unacceptable shortness of breath, and it may not be done for many years.
In this study in both the aortic and mitral patients the changes seen in pressure-volume curves may be attributed to lessening pulmonary congestion or oedema or both. The lack of change in some mitral patients may have been the result either of the failure of the operation to lower haemodynamic pressures and relieve congestion, or of irreversible secondary effects on the lung such as fibrosis. In this study the mitral patients whose lung mechanics improved most were a man of 26 years with mitral stenosis (patient 7), a man of 45 years with mitral incompetence (patient 8), and a woman of 55 years who had had recent onset of mitral incompetence (patient 9). The other five patients, women aged 48-61 years, with symptoms of dyspnoea ranging in duration from six months to 24 years, showed little or no improvement in lung mechanics. It is interesting that all claimed some lessening of dyspnoea. The question arises as to whether there is a place for early operation in mitral disease to prevent development of irreversible lung damage.
The other difference in pattern of pressurevolume curves was that some of the curves of the mitral patients before and after operation crossed (figs 1, 2). This has been shown to occur when comparing patients with mitral disease with normal subjects.15 '6 This difference between the aortic and mitral patterns may be in part related to the fact that in these aortic patients there was a more marked reduction in heart size (mean decrease in heart volume index=258 ml) than in most of the M J Morris, M M Smith, and B G Clarke mitral patients (mean decerase=67 ml). The resulting increase of space available allowed for bigger residual lung volumes after operation and so pushed the curves further apart.
The differing response to operation of volumepressure relationships in these aortic and mitral patients is probably related to the effects of different duration and perhaps severity of pulmonary congestion, rather than to any intrinsic difference between the pulmonary congestion of aortic disease and that of mitral disease. There is some evidence of merging of these two patterns. In patient 5 with aortic stenosis and incompetence the curve after operation crossed that of the first study, and conversely mitral patient 9, who was known to have had sudden onset of mitral incompetence from rupture of a valve support one year before, had curves which did not cross.
It is informative to look at conductance over the whole vital capacity, as is done in considering the conductance transpulmonary pressure relationships (fig 3) . It appears that before operation conductance was better at low lung volumes and worse at high lung volumes than after operation. This means that in the tidal range, depending on the volume at which these lines cross, conductance will be better, worse, or unchanged after operation. However when a bigger breath is taken, conductance at higher lung volumes is improved by the relief of congestion and oedema. One interpretation of these conductance pressure relationships is that in the chronically oedematous state, airways behave as rigid tubes, less distensible at high lung volumes and less compressible at low lung volumes.
The inflection point in sigmoid pressure-volume curves has been shown mathematically by Glaister et al17 to occur at the transpulmonary pressure at which apparent airway closure begins. If closure of air spaces occurred simultaneously at RV then the curve would be exponential throughout its length.18 The inflection point has been shown experimentally in excised animal lungs'7 and in healthy human subjects'9 20 to occur at a volume which approximates to closing capacity (volume at which airway closure begins). It has been noted that in those patients subject to longstanding congestion the inflection point is absent in some before operation and present after operation. This suggests that in the chronically congested state, closure of airways occurs later in expiration than after operation when congestion has been relieved at least partially. This suggestion of a decrease in closing volume (closing capacity minus RV) is at variance with work in congestion of recent origin.' 24 Closing volumes were not measured in this study because it was not anticipated that this suggestion would emerge from the data.
Some support for this concept of chronically congested airways resisting airway closure is found on looking at the conductance-pressure regression lines. The X intercept formed by extrapolating the line to zero conductance theoretically represents the transpulmonary pressure at which conductance is zero. In chronic pulmonary congestion before operation the intrapleural pressures at which conductance is zero are more positive than after operation. This again suggests that chronically congested airways resist closure, and may be one reason why residual volume is lower before operation.
The apparent paradox, seen in some of these mitral patients before operation, of stiffer lungs but with less elastic recoil as is seen at low lung volumes, has previously been attributed to the support given to alveolar walls by engorged vasculature.9 16 21 It may be that in the congested state at low lung volumes near RV, more airways are open, so more lung units are participating. In such a situation each alveolus can be less distended with subsequent less recoil, to give the same total lung volume. When normal airway closure is occurring the fewer participating units need to be more distended, and hence have more recoil, at the same lung volume.
These data from 14 patients with longstanding pulmonary congestion studied before operation and again one to two years after congestion had been relieved in most of them, show differences from experimental models and clinical cases of acute pulmonary congestion as well as some similarities. After valve replacement more space is made available within the chest by the decrease in heart size, relief of congestion, and removal of oedema, and in addition removal of oedema results in more compliant alveoli, and more normal distensibility of airways.
